Trends support low voltage distribution networks will soon experience significant uptake of customer-owned low-carbon technology (LCT) devices especially rooftop photovoltaics (PVs) and small-scale energy storage (SSES) systems. This paradigm shift will introduce some significant challenges in modern distribution network planning and operations owing to the temporal nature of modern demand. Therefore, it became relevant to investigate the UK low voltage (LV) network operations considering high uptake of PVs and SSESs through both field measurements and desktop studies. The aim was to validate through field trials, the flexibility benefits of peak demand reduction and reverse power flow mitigation through smart control of customer-owned SSESs. It was shown that peak demand of up to 60% could be achieved in UK distribution network through the smart control of these devices. In tandem with the demand reduction, the study revealed that type-tested SSES power interface units do not pose significant power quality risks even for 100% customer penetration.
I. INTRODUCTION
High uptake of rooftop PVs was promoted by government policies and subsidy schemes in several countries in Europe and beyond. Such policies were driven by the quest for economic and environmental concerns such as the need for carbon-emission reduction. In the UK, customers who own renewable distributed generators (DGs) received compensation as high as 12.03 pence/kWh for energy exported to the utility grid as at year 2012 [1] , [2] . This is called the feedin-Tariff (FiT) . Surprisingly, the number of customer-owned PVs soon surpassed the target set by the government. This resulted in the reduction of the FiT to less than 5 pence/kWh [1] - [3] and eventually its withdrawal. Consequently, most
The associate editor coordinating the review of this manuscript and approving it for publication was Guangya Yang. customers who own PVs are retrofitting their units with Small Scale Energy Storage (SSES). This way, the excess generation from the PV is used to charge the SSES around noontime when PV generation peaks and the energy is subsequently used around the evening period to meet the household demand.
This trend is anticipated to continue both in the UK and other countries especially as the costs of SSES units continue to drop. For instance, as of 2016, about fifty thousand SSES units have been bought in Germany and the forecasts suggest the trend will continue [4] . Moreover, it is argued that certain power quality (PQ) issues associated with PV systems could be mitigated when the PVs are retrofitted with SSES units. Such PQ issues include voltage rise and reverse power flows (RPF). The SSES is considered capable of smoothing the PV generation profile and reducing the peak demand. This is in addition to reduction of customer electricity bills as net import from the network is expected to be decreased [5] , [6] .
Indeed, while several works exist in the literature about PVs and SSES, these units have often been studied separately. In [7] , overvoltage occurrence due to rooftop PV system integration into the network was investigated. Also, [8] suggested that urban networks were more likely to be affected by overvoltage problems caused by the rooftop PVs. Similarly, in [9] , an aggregated 13kWp rooftop PV system in Lyon, France, was monitored for both steady-state and transient performance. The authors argued that field measurements did not reveal any significant impact on the LV system due to PV integration. Also, this system which had a total of 6 inverters was said to satisfy the statutory harmonic limits except for the violation of the 6th and 8th (even harmonic) limits. Authors suggested that this could have resulted from the inverters being the transformerless type.
Similar measurement on a 440kWp (60 PV systems and 160 inverters) integrated into an urban LV network in Germany was conducted in [10] . Results revealed that overvoltages existed as well as harmonics but these were negligible. Nevertheless, significant phase imbalance due to the PV integration was noticed [10] . Furthermore, [11] , [12] have also studied the harmonic emissions from PVs in networks with significant background distortions and voltage imbalance.
Some publications have also considered the hybrid (i.e. PV and SSES) system in their analysis but the field trials to demonstrate the practicality are still relatively at an early stage. The motivation has always been to improve the network performance with alternative non-network solutions like SSES integration in networks with high rooftop PV penetration. Obviously, network solutions such as reconfiguration, load balancing, transformer and cable upgrade etc are expensive and time consuming and therefore the preference for non-network solutions.
Of course, installing household rooftop PVs and SSESs can be expensive too but this cannot be compared with the financial investments and time which are required for transformer and/or cable replacements. Moreover, the customers who participated in the field trial and as described in this paper already had rooftop PV systems installed. These PVs were simply retrofitted with the SSESs. Consequently, it was simply a matter of the DNO leveraging on the flexibility service available at the customer household while rewarding such customers in return for the ancillary services support.
Existing learnings on hybrid (PV and SSES) systems include those of [5] and [13] where dynamic charge/discharge rate of SSES and coordinated control of utility assets with distributed PV and SSES units were respectively proposed. In [14] , the use of PV and SSES for reducing the net power imported from the utility grid was formulated and solved as an optimisation problem. Results indicated 13% reduction in electricity bills for a customer with SSES and PV units.
Ref. [15] has presented the benefits and challenges that resulted from the deployment of behind the meter storage units for the improvement of network performance in Australia. Obviously, several national and international standards exist for the impact assessments. In the UK, statutory requirements -EREC G83 and G5/4-1, are usually used to assess the compliance or violation of these devices' integrations with the distribution network operators (DNOs) requirements [9] , [16] . This way, adverse impacts on the network are mitigated.
In addition to the theoretical works, several field trials exist both in the UK and beyond [6] , [15] , [17] - [19] . An example field demonstration project in the literature is that of [20] , which investigated how SSES could be used to smoothen PV generation profile, reduce peak demand and Reverse Power Flow (RPF). Ten customers participated in the trial and the summer and winter periods were the focus of the trial. Field tests were conducted for few days and data extrapolated for other periods of the year in order to develop computational models for simulations. Furthermore, in [17] , modular units (with PVs, batteries and communication devices) were installed in 250 different locations including residential and commercial buildings. It was demonstrated how the SSES and the PVs could provide ancillary services to the network. The company responsible for that trial project argued that since bulk of the UK peak demand resulted from residential loads, it made sense to reduce demand levels through customer owned PV and SSES operation and control.
Another LV-network project on PV and SSES is documented in [18] . That project investigated if there was a business case for using customer-owned PVs and SSES as an alternative to network expansion; 26 residential houses, 5 schools and one office building were used for the trial. These buildings were fitted with PVs, SSESs and communication and control systems. The PV and SSES units were dc-coupled and hence each test site had one power converter which was aimed at reducing harmonic levels. The project findings revealed that the financial gain to the utility was very small but other benefits to customers such as backup power supply could be an attraction. Also, it was admitted that the sample size was small and results could be different with larger size. With such sample size, no known network limits were observed to be exceeded. Nevertheless, it was suggested that higher sample size should be trialled to ascertain clearly what adverse impacts could result in the network due to the SSES and PV proliferation.
While other energy storage projects continue in the UK and beyond, it is pertinent to state at this juncture that the scope of this work is only on LV single-phase connected customerowned PV systems retrofitted with SSES. The aim was to investigate using larger sample size of customer households with PV and SSES, the impacts of these units on a typical UK LV distribution network operating performance. In particular, the trial sought to investigate if there was need for the revision of statutory limits such as EREC G83. It was also aimed at establishing through field trials if the coordinated control of a large number of customer-owned PV and SSES units connected to the network could be used to reduce the peak demand and thus defer utility asset upgrade. SSES capability to mitigate RPF was also assessed practically.
To this end, 70 customers in South East England were selected and their PV units retrofitted with SSES. The customer PVs were rated 2 -4kWp while the SSES maximum charge and discharge powers were respectively 1.2kW and 1.6kW. Smart meters were also installed to capture both the power and harmonic frequency information. The trial was conducted for a total of 12-months in order to cover the effects of seasonal variations. Data realised were timestamped and had interval of one second. The data management was carried out using SQLite while data mining, cleansing and analysis were conducted using Python and MATLAB.
Twenty-three quantities were measured including the active and apparent powers, power factor, frequency and the voltages and currents at power and harmonic frequencies. The measurements were obtained for each of the SSES, PV and the mains meter. Hence, data having 23 columns (indices) and 86400 rows (seconds) for each device were realised per day. That is for a typical day, 23 × 86400 × 3 data format was obtained. These data were uploaded directly to Imperial College London repository and processed using a dedicated workstation. The field data were further deployed in desktop studies in order to investigate scaled-up levels of penetration.
To comply with general data protection rights (GDPR), the customer data were anonymised. Hence, we refer to each customer simply as house W i where W i is a value that has been assigned by the stakeholders in the project.
Furthermore, it is pertinent to state that although the field trial was conducted on a UK LV network, the findings in this paper are useful to several stakeholders, especially DNOs in European nations. This is because the UK LV system is like the networks in other EU countries. Moreover, even for a system with entirely different characteristics from representative European systems, our findings will provide useful information upon which field trials for such systems could be built upon.
In addition to Section I, other sections of this paper are presented as follows: Section II describes the field monitoring and data acquisition whereas Section III highlights the results of the data analytics in the context of peak demand reduction following the coordinated control of the SSES units. Alongside the validation of the ancillary service provision of the PV and SSES, in Section IV, the PQ field data are analyzed and discussed. Next, the desktop simulation studies are presented in Section V and thereafter is the conclusion of this technical work.
II. DESCRIPTION OF FIELD MONITORING
The field trial schematic diagram is as shown in Figure 1 . Three sensors (power quality meters (PQM)) were connected at the output terminals of the PV, SSES and the mains at the customer premises as shown in the diagram. The default operation was such that a customer's demand was met by the generation from PV and the excess output power used to charge the battery. In other words, the SSES began to charge when it was detected that customer's demand had been fully met and power been fed back into the grid. On the other hand, SSES discharged when it was observed that power was drawn from the grid and the batteries still had adequate stored energy from previous charging periods.
The logical sequence for the charge and discharge operations of the SSESs can be summarised by the flowchart in Figure 2 .
III. PEAK DEMAND REDUCTION BY COORDINATED CONTROL OF DECENTRALISED PV AND SSES SYSTEMS
As highlighted previously, the default goal of each household with the SSES installed was to reduce the net power imported from the grid, thereby reducing the costs of electricity bills. To achieve this aim, the customer charged the SSES from the excess PV generation during peak output hours -usually around noon and subsequently discharged the SSES at evening demand periods.
To assess the effectiveness of the default method in reducing the customer demand for the four seasons in the UK -autumn, spring, winter and summer, the demand profiles were plotted based on the one-year field measurements. Indeed, different seasons were considered as it is common knowledge that electrical load profiles are influenced by weather and seasonal variations. For instance, customers use more of their heating appliances during the cold winter periods than the summer. Obviously, this would influence the load pattern for both seasons.
As most of the households showed similar trend, only the plots for one of the houses are shown for illustration. Figures 3 and 4 respectively denote the profiles for the summer and winter periods. For completeness, the spring and autumn profiles are also shown in Figures 5 and 6. Clearly, Figures 3 and 5 show that the SSES helped significantly to lower the RPFs as well as the evening peak demand -this is obvious when the red and black lines in the plots are compared. However, in Figure 4 , the household's profile with and without the SSES were the same. A further examination of the charge and discharge power of the SSES during the winter period showed that the SSESs were mostly idle at this period of the year. This is because the SSES were not adequately charged as the solar irradiance level (as well as PV generation) was low and thus the SSESs could not discharge during the customer's evening peak demand. This therefore revealed clearly that some form of smart control was needed for the customer as well as the DNO to optimally use the SSES all year round. The idea is that if a strong case is proven for use of customer-owned assets for ancillary services, then, DNO's can develop necessary incentives or financial rewards for this flexibility services.
Consequently, the firmware of some selected SSESs were re-programmed by the industry partner, such that the units could charge from off the grid or discharge to supply household demand upon receiving a control signal from a remote location (from the DNO). This was referred to as activecontrol trial (ACT) in the field demonstration. During the field trial, the control signals were activated at some predefined times based on a priori knowledge of the DNO's network profiles. The time-schedule is as shown in Figure 7 .
The ACT was conducted for 21-days and during a winter (February) month. The forced charge and forced discharge in Figure 7 respectively denote a selected group of SSES units charging from off the grid and discharging to offset the network demand at the set times. This control scheme overrides the default operation of the SSESs.
The aggregated demand profile for 12 selected houses which participated in the ACT is as shown in Figure 8 . The percentage reduction in peak demand for these aggregated households is also shown in Figure 9 . This plot clearly revealed that an average of 58% reduction in peak demand per household could be achieved from the ACT. This implies significant financial savings and deferral of network expansion for the utility. Thus, it has been proven that the DNO can leverage on customer-owned assets for providing ancillary services, especially peak demand reduction to the network.
A further task was to analyse if the SSES units responded to the control signals in a reasonable time frame. This was checked against the recommended response limit in [22] . The field data showed that the average response rate for the SSES was 87%. It was anticipated that success rate of 100% could be achieved by the use of improved communication medium. The project demonstration used the WiFi connection available at customer premises and this in some cases became unreliable or weak. This therefore advocates the relevance of strong communication link for such trials.
IV. POWER QUALITY MONITORING AND VALIDATION WITH EREC G83 AND G5/4-1
As highlighted previously, this technical work was also aimed at investigating if significant uptake of SSESs into the LV distribution network would pose any PQ risk to the network especially in the context of harmonic pollution. Moreover, there was need to understand if the ''EREC G83 standard'' [9] was adequate for SSES proliferated networks or whether there was a need for revision. This is because by standard, DNOs are not required to monitor the installation of DGs at customer premises that are ≤ 16A/phase [16] .
Also, it was desired to examine to what extent the RPF issues associated with rooftop PVs could be reduced with the integration of SSESs. To verify these hypotheses, the field data acquired from the sensors installed in the various households were analyzed. Figure 10 is an equivalent representation of aggregation of instances where power was still exported back to the grid despite some of the PV power generation been used for charging of the SSES units.
A. REVERSE POWER FLOW ANALYSIS
A thorough observation of the maximum PV output powers and the maximum charging powers of the SSESs at these households revealed that the SSESs capacities were lesser than those of the PVs. Therefore, the SSESs were fully charged in quicker than expected time and thus, RPF could not be completely avoided. Indeed, this is not a serious concern, as modern LV networks tolerate some levels of RPFs except when the quantum and duration violate the standard limits [23] . Moreover, higher levels of RPFs would have occurred had the SSESs not been installed in the customer premises at all.
B. NET GENERATION FROM COMBINED PV AND SSES OPERATION
In accordance with EREC G83, the superposed net generation from the customer-owned PV and SSES units were assessed against the 16A/phase limit [16] . Where the net generation at the customer premise is ≤ 16A/phase, then that customer is compliant, otherwise, a violation is recorded. A plot of the households where the latter was observed is as shown in Figure 11 . Clearly, House #17 had the highest times where net generation at the customer end exceeded 16A/phase. A further inquiry revealed that this customer was already known and registered with the DNO as ''EREC G59'' [24] compliant and therefore was not required to satisfy the EREC G83. Put differently, EREC G59 customers can have generation that exceed 16A/phase.
C. HARMONIC DATA ANALYSIS
The harmonic data of the SSESs were analyzed for the different houses. The assessment was done in accordance with the procedure recommended in EREC G83 [9] and using the harmonic indices provided in the Appendix. The plots showing the percentage of times the 3rd and 5th harmonic emissions violated the limits are as plotted in Figures 12 and 13 .
Summarily, approximately 16% of the houses involved in the trial had SSES that in some instances had third harmonic values greater than expected. Also, 11% households were seen to have the fifth harmonic level exceeded at some instances. The other harmonic orders were not very significant. Another observation realised from the harmonic data is that the PV power converter performed better than the SSES converter in terms of harmonic emissions. This is as illustrated in Figure 14 .
Also, Figure 14 shows that the harmonic emissions from the PV and SSES were within the limits; interestingly, the level of emissions observed at the mains meter exceeded the statutory requirements. This therefore revealed that there existed background harmonics due to other nonlinear loads. To ascertain this, a customer nonlinear load ownership survey was conducted and the results showed that the customer devices comprised of such appliances as was predicted. This is as shown in Figure 15 . Comparing Figures 12 and 15 show that House #5 which had the most significant SSES third harmonic emission actually had harmonic distorting loads like electric vehicle (EV), LED lamps, desktop computer etc. It is likely that interactions between the SSES unit and the harmonic distorting loads could have led to instances where SSES harmonic data were higher than expected. These interactions are also likely to be the case for other households with SSESs that had higher than expected fifth harmonic levels.
D. STATISTICAL ANALYSIS OF HARMONIC DATA
A statistical analysis was conducted to investigate if the harmonic currents from the PV and SSES converters in any way correlate with the harmonic voltages at the mains. This was done using correlation analysis. Specifically, the Spearman's correlation coefficient was used as it is well known that Pearson's approach is very sensitive to outliers [25] . Readers interested to gain further insights into correlation analysis and the use of Spearman's approach are referred to [25] .
The scatter plots for the 3rd and 5th harmonic current datasets of the SSES versus the corresponding mains harmonic voltage dataset of House #23 for a day in month of July are shown in Figure 16 . The Spearman's correlation coefficient realised for the above 3rd and 5th harmonic order plots are respectively 0.3951 and 0.1890. Also, the corresponding p-value was 0.0000 for both harmonic orders.
For completeness, Figure 17 is the heatmap showing the result of the correlation analyses for House #23 based on 2-weeks datasets. The different bandwidths of harmonics have been considered as shown in the heatmap. Clearly, the heatmap suggests that the third and the seventh harmonic currents of the SSES influence the third and seventh harmonic voltages that exist at the mains. The other harmonic orders did not reveal noticeable correlation as seen in the figure.
For clarity, a clustering approach that took into account the different operational states of the devices was applied to the datasets and the correlation analysis re-evaluated. From practical experience, we considered six possible combinations of the simultaneous operations of the PV and SSES and these have been grouped into cases as shown in Figure 18 . In case 1, the PV generates power whereas the SSES is in charging state while case 2 involved zero PV generation and idle SSES operation. Similarly, cases 3 and 4 respectively denote zero PV generation and SSES discharging and PV generating power and idle SSES operation. Lastly for cases 5 and 6, while the former involved PV generating and SSES discharging, the latter involved zero PV generation and SSES charging from off the grid. This clustering became relevant in order to accurately evaluate the contributions of the PV and SSES harmonic emissions to distortion in the mains voltage.
Repeating the Spearman's correlation analysis taking into account two of the above mentioned scenarios -SSES mostly in charging mode (case 6) and SSES mostly discharging to offset customer evening demand (case 3), two heatmaps are as shown in Figures 19 and 20 .
The clustering approach revealed that for both charging and discharging operations of the SSES, the fifth and seventh harmonic currents were more correlated to the corresponding harmonic mains voltages than the third harmonic current. This observation was previously concealed without the clustering approach.
V. DESKTOP SIMULATION WITH FIELD DATA
In order to scale up the number of SSESs in the network, a desktop study was conducted. Particularly, power flows and harmonic load flow studies were simulated using the DigSILENT PowerFactory software [26] . The test UK LV distribution network used for simulations had 4 outgoing feeders from the 500kVA substation transformer. The total number of customers connected to the LV network was 384 with 96 single-phase customers connected to each outgoing feeder. The customers were supplied power through underground cables; the parameters and other details of the test network are as obtained from [27] and provided in the Appendix. Figure 21 shows the test power system.
A. SYSTEM-LEVEL ASSESSMENT OF THE IMPACTS OF COORDINATED SSES CONTROL ON TRANSFORMER LOADING
The impact of coordinated control of SSES was investigated on a system-level by assessing the transformer loading levels with and without the activation of the ACT. That is, field data for load profiles without and with ACT were used in the power flow analysis study implemented using a commercial software -DigSILENT PowerFactory [26] .
The current injection method [28] , [29] of power flow analysis was adopted in this study. This is mathematically formulated as written below [28] , [30] , [31] . 
where:
The terms: A 11 , A 12 , A 21 and A 22 are defined in the Appendix while the G mn and B mn terms respectively denote the conductance and susceptance of the line, m − n. Note that all nodes downstream the substation transformer are considered as constant power nodes in the power flow analysis and have been modelled using the ZIP model [26] , [28] , [32] as shown in (3).
where P, Q and V respectively denote the active and reactive powers and the voltage. The a, b and c terms are multipliers with values depending on the type of load. As highlighted previously, the power flow was implemented with DigSILENT Powerfactory software. Figure 22 shows the reduction in transformer loading following the peak shaving service realised from the coordinated control of the SSES discharge. That is, from the power flow analysis computation, for 100% SSESs uptake, the reduction in peak demand at the transformer secondary was up to 60%. This was based on each controlled SSES meeting 58% of the household demand at the studied period when the active control was activated as was discussed in Section III. Note that the transformer was considered to be operating at maximum base loading level in the simulation before the SSES integration as shown in the Figure 22 .
B. HARMONIC LOAD FLOW ANALYSIS
Furthermore, to assess on a system level whether the statutory harmonic limits were met in the network, a harmonic load flow analysis was conducted in DigSILENT PowerFactory software based on IEC 61000-3-6 [26] . The mathematical formulation for the harmonic assessment is given as in (4) [33] , [34] .
where h denotes the h th harmonic. The nonlinear loads have been modelled as current sources based on the summation law [26] . That is, the net harmonic current injection is obtained as [26] , [35] , [36] :
where α is called the harmonic exponent with typical values as shown in Table 1 . k refers to the k th harmonic source. Note that the variables to be computed in the formulation in (4) are the harmonic voltages ie:
For the simulation of the harmonic load flow analysis, two scenarios (Scenario 1 and Scenario 2) have been considered.
1) DESCRIPTION OF HARMONIC LOAD FLOW SCENARIOS
As highlighted previously, the test cases for system level harmonic assessment were categorised as Scenario 1 and Scenario 2. Particularly, Scenario 1 considered the SSES converters as the only source of harmonic emissions thus disregarding any contributions from customer non-linear loads such as heat pumps, electric vehicles etc. However, for Scenario 2, both SSES and PV converters harmonics and the contributions from other harmonic generating sources were considered in the simulation. The data used for the analysis were all obtained from the field measurements previously described in Section IV.
The simulated results showed that the harmonic injections from the SSESs alone (Scenario 1) did meet the G5/4-1 limits at the secondary side of the substation transformer even for 100% SSESs penetration. However, when the other harmonic generating sources (nonlinear loads like electric vehicle charger, LED lamps and uninterruptible power supply etc) were considered (Scenario 2), the 3rd harmonics was observed to be exceeded. The result is as shown in Table 2 .
It was observed that despite the relatively higher 3rd harmonic limit, the THD was less than the 5% limit (4.9% in the test case). Nevertheless, it was realised that downstream the feeder, the voltage THD was significantly higher -as high as 6.3% and higher individual harmonic distortions (IHDs) were also noticed. The expressions for calculating the harmonic performance indices (THD and IHD) are provided in the Appendix.
VI. CONCLUSION
In this paper, it has been verified through field trial on a UK distribution system that there exists a strong case for leveraging on customer-owned SSES units for improvement of the DNO's systems operations. This is especially in the context of peak demand reduction and mitigation of power back-feed into the grid, thus deferring investments on network expansions. Specifically, the evening peak demand of the DNO's network was reduced by up to 60% through smart control of the distributed customer-owned SSESs. Additionally, it was shown that the type-tested SSESs used in the field trials did not pose any significant power-quality related risks to the network. It was also realised that where EREC G83 and G5/4-1 power-quality statutory limits were violated as noticed in some field measurement data, other nonlinear loads were mainly responsible. Having proven practically the flexibility services derivable from the coordinated control of SSESs, the authors recommend that DNO's develop appropriate reward scheme for the use of customer-owned SSESs for flexibility support services in modern smart low voltage networks.
APPENDIX
Network data are as provided below: The definitions are based on [28] .
Q * m = Q * g(m) − Q 0(m) a q P * m = P * g(m) − P 0(m) a p (10 
